Leveque Y, Fauvel B, Groussard M, Caclin A, Albouy P, Platel H, Tillmann B. Altered intrinsic connectivity of the auditory cortex in congenital amusia. J Neurophysiol 116: 88 -97, 2016. First published March 23, 2016 doi:10.1152/jn.00663.2015.-Congenital amusia, a neurodevelopmental disorder of music perception and production, has been associated with abnormal anatomical and functional connectivity in a right frontotemporal pathway. To investigate whether spontaneous connectivity in brain networks involving the auditory cortex is altered in the amusic brain, we ran a seed-based connectivity analysis, contrasting at-rest functional MRI data of amusic and matched control participants. Our results reveal reduced frontotemporal connectivity in amusia during resting state, as well as an overconnectivity between the auditory cortex and the default mode network (DMN). The findings suggest that the auditory cortex is intrinsically more engaged toward internal processes and less available to external stimuli in amusics compared with controls. Beyond amusia, our findings provide new evidence for the link between cognitive deficits in pathology and abnormalities in the connectivity between sensory areas and the DMN at rest. 
CONGENITAL AMUSIA, a lifelong disorder of music perception and production, offers a unique opportunity to increase our understanding of typical and pathological human auditory network functioning. Afflicting 2-4% of the population (Kalmus and Fry 1980; Peretz 2013) , this neurodevelopmental disorder is mainly characterized by impaired pitch processing and melodic short-term memory. In everyday life, amusic individuals encounter difficulties in music production (i.e., singing) and perception, such as to tell one tune from another or to detect an out-of-tune tone within a melody Peretz 2013; Peretz et al. 2002; Stewart 2008 Stewart , 2011 Stewart et al. 2006; Tillmann et al. 2015) . Some amusic individuals also report not enjoying music. Amusic individuals do not complain about difficulties in speech processing, which was shown to be normal in the first seminal reports . However, recent studies have revealed that amusics' pitch-processing deficit might also impair the processing of subtle prosodic cues (e.g., intonational or emotional prosody; e.g., Liu et al. 2010; Patel et al. 2008 ; Thompson et al. 2012; Tillmann et al. 2011) . Importantly, this set of deficits cannot be explained by prior brain lesions, attentional or cognitive deficits, hearing loss, or any psychosocial cause. In particular, auditory verbal working memory has been demonstrated to be normal in this population (no deficits in span tasks, as shown in Albouy et al. 2013b and Stewart 2010 , or in short-term memory task for words, as shown in Tillmann et al. 2009 ). Amusia has been proposed to have a genetic component (Peretz 2008; Peretz et al. 2007) .
Cerebral correlates of amusia include structural and functional abnormalities in frontal and temporal cortices. Compared with controls, greater cortical thickness and reduced white matter have been reported in right inferior frontal gyrus (IFG) and right superior temporal cortex of amusics (Hyde et al. 2007 ; see also Albouy et al. 2013a; Hyde et al. 2006; Mandell et al. 2007) , as well as a diminished arcuate fasciculus connecting the two areas (Loui et al. 2009 ; but see Chen et al. 2015) . On a functional level, the functional magnetic resonance imaging (fMRI) study of Hyde et al. (2011) investigating passive listening to pitch sequences has shown for amusic participants 1) a reduced functional connectivity between the right auditory cortex and the right IFG, 2) a deactivation of the right IFG, and 3) an enhanced connectivity between the two auditory cortices compared with control participants. Converging evidence for these anomalies in Heschl's gyri, IFG, and their connectivity has been revealed by N100m source analyses and dynamic causal modeling in a magnetoencephalography study using an active short-term memory protocol (Albouy et al. 2013a .
Though still rather scarce, studies investigating the cerebral substrates of congenital amusia consistently report anomalies of the right frontotemporal network as underlying the pitchprocessing deficit. In the normally functioning brain, this network has been shown to play a major role in music perception and memory, particularly for the processing of pitchrelated dimensions (see Griffiths 2001; Peretz and Zatorre 2005 for reviews).
However, it could be argued that functional and connectivity differences between amusics and controls for music perception and memory may be related to differences in strategies adopted during task performance or listening, including possible differences in motivation, attention, and voluntary or involuntary compensatory mechanisms. Our present study investigated whether the previously reported anomalies can be observed in the intrinsic functional connectivity of the amusic brain at rest. The aim was to compare auditory cortex connectivity of amusic participants and nonmusician control participants during resting state with a seed-based approach. Resting-state analyses have recently provided powerful insights into functional anomalies of various pathologies, including neurodevelopmental disorders such as dyslexia (Schurz et al. 2015) . Furthermore, first studies investigating brain connectivity at rest in musicians (Fauvel et al. 2014; Hou et al. 2015; Luo et al. 2012 ) have suggested that experience as a music performer modifies intrinsic brain connectivity, notably by enhancing functional connectivity in the motor and the multisensory cortices, as well as in multiple cognitive networks. For amusia, based on previously reported anatomic abnormalities (Loui et al. 2009 ) and functional coupling changes during auditory protocols (Albouy et al. 2013a Hyde et al. 2011) , we predicted underconnectivity of the frontotemporal network at rest.
METHODS

Participants
Thirteen amusic participants (6 men, 7 women) and 13 nonmusician control participants matched one-to-one for sex, age, and education participated in the study. Amusic participants were diagnosed according to the Montreal Battery for Evaluation of Amusia (MBEA; Peretz et al. 2003 ; see Table 1 ). An individual was considered amusic when the mean MBEA score was below the standard cut-off (23/30; i.e., 2 SD below the group mean of the population tested in Peretz et al. 2003) . Control participants were included if they met the criterion to have less than 2 years of formal instrumental training. All participants had right-handed laterality (as assessed by the Edinburgh handedness inventory; Oldfield 1971) and reported no history of neurological or psychiatric disease. Audiometry was measured during a preceding testing session and revealed normal auditory acuity in all participants (hearing loss Յ20 dB between 250 and 6,000 Hz). Participants gave written informed consent and were paid for their participation. The study was conducted with the approval of the CPP Lyon Sud-Est IV ethics committee.
Data Acquisition and Procedure
MRI acquisitions were performed with a 3T Philips Achieva scanner. High-resolution T1-weighted three-dimensional (3D) images were acquired using a gradient-echo sequence [160 sagittal slices; time to repetition (TR) ϭ 8.2 ms; time to echo (TE) ϭ 3.8 ms; flip angle ϭ 8°; matrix size ϭ 240 ϫ 240; field of view ϭ 240 ϫ 240 mm 2 ; voxel size ϭ 1 ϫ 1 ϫ 1 mm 3 ]. Twelve minutes of functional resting-state scans were then acquired using an interleaved 2D T2* SENSE echo planar imaging (EPI) sequence with the sequence parameters of Fauvel et al. (2014) : 2D T2*-FFE-EPI axial, SENSE factor ϭ 2, TR ϭ 2,382 ms, TE ϭ 30 ms, flip angle ϭ 80°, 42 slices, slice thickness ϭ 2.8 mm, no gap, in-plane resolution ϭ 2.8 ϫ 2.8 mm 2 , 280 volumes. During the resting-state acquisition, participants were required to keep their eyes closed and stay awake. In the debriefing interview after the scanning session, all participants reported they were indeed able to stay awake.
Data Analysis
Except for seed determination (see below), we used an adaptation of the processing pipeline of Fauvel et al. (2014) Preprocessing. Each functional volume series was automatically inspected for excessive head movements with the tsdiffana routine (http://imaging.mrc-cbu.cam.ac.uk/imaging/DataDiagnostics). No abnormal spike of variance, rotational (Ͼ1.5°) or translational (Ͼ3 mm) movement, was observed in time series. T1-weighted structural images were spatially normalized to the Montreal Neurological Institute (MNI) template (ICBM AVG152), segmented using VBM8 (http:// dbm.neuro.uni-jena.de/vbm/), which is incorporated in the SPM8 software, and smoothed using an 8-mm full width at half maximum (FWHM) isotropic Gaussian kernel. EPI volumes were corrected for slice timing, realigned on the first volume, and coregistered to the T1 volume. The coregistered T1 and EPI volumes were normalized on the basis of the segmented gray matter, and 4-mm FWHM smoothing was applied to the EPI volumes. The signal was bandpass filtered (0.01-0.08 Hz). Finally, the individual segmented gray matter T1 volumes were averaged in the MNI space, and a binary mask was created including only voxels with values above 0.3 in the average gray matter image and with a higher probability to be gray matter than white matter or cerebrospinal fluid. This binary mask was used in all subsequent analyses. Data are characteristics of amusic (n ϭ 13) and control (n ϭ 13) participants; values are means Ϯ SD with miniumu (min) and maximum (max) values in brackets. "Musical education" corresponds to years of formal instruction on an instrument. Results for the Montreal Battery of Evaluation of Amusia (MBEA) mean score are expressed as the number of correct responses averaged over the 6 subtests of the battery (maximum score ϭ 30). MBEA pitch subtest is the score averaged over the 3 pitch subtests. Note that instrumental training over 2 yr was an exclusion factor in the control group but not in the amusic group. Group data are compared with t-tests.
Seed determination. As in the seminal study by Biswal et al. (1995) , we used functionally defined seeds (see also, e.g., Dosenbach et al. 2007; Hampson et al. 2006; Vahdat et al. 2011 ), and we further checked these seeds to be congruent with anatomical data. The seed regions were 10-mm-diameter spheres in right and left Heschl's gyri, centered on the MNI coordinates [45,Ϫ19,6] and [Ϫ44,Ϫ18,5] observed in the magnetoencephalographic (MEG) data of Albouy et al. (2013a) . The seeds correspond to the sources of the N100 responses for tone encoding, where significant differences of activity and of connectivity with frontal areas were observed between amusics and controls by Albouy et al. (2013a Albouy et al. ( , 2015 . Note that activity in these seeds was observed in an active music memory fMRI protocol in the same subjects (Albouy et al. 2014 ). The entire sphere was located within the most medial part of Heschl's gyri of each individual's anatomical MRI and did not overlap with other nonauditory regions (e.g., insula; Rademacher et al. 2001) .
Furthermore, to exclude that anatomical differences within Heschl's gyri might drive functional differences between groups, a voxelbased morphometry analysis was run (using SPM8) on both seed regions of interest (ROIs) to compare gray or white matter concentrations based on the segmented T1-MRIs (see above). A two-sided, two-sample t-test on the mean value within the seed sphere for gray matter and for white matter did not reveal any significant difference between controls and amusics [t(24) ϭ Ϫ0.97, P ϭ 0.742 for gray matter; t(24) ϭ Ϫ0.51, P ϭ 0.433 for white matter]. As control seed regions, we also used 10-mm-diameter spheres in the right and left primary visual cortex (V1), centered on the MNI coordinates Resting-state analysis. For each participant, the time series were extracted and averaged across voxels within the seed regions with the MarsBaR toolbox (Brett et al. 2002) , and the correlations between the seed time series and the time series of all other voxels of the entire brain gray matter mask were calculated, with motion parameters, white matter (WM), and cerebrospinal fluid (CSF) time series as regressors of noninterest. To extract the WM and CSF time series, WM and CSF masks were computed by thresholding the mean of the spatially normalized WM and CSF images (Ն1) with ImCalc (SPM8). These masks were then eroded by three voxels along each of the three axes with Anatomist (http://brainvisa.info/). Individual connectivity maps were then transformed into Z-score maps, with connectivity defined as a pairwise correlation between the seed time series and the time series of other voxels.
At the second level, a one-sample t-test was used to establish the amusic and control connectivity maps for each seed, with an FWEcorrected threshold of P Ͻ 0.05. Two-tailed, two-sample t-tests were then used to compare Z-score connectivity maps of amusic and control participants. Because effect sizes were expected to be subtle for these between-group contrasts, a threshold of P Ͻ 0.001 (uncorrected) was chosen, with a minimum cluster size of 40 mm 3 . Correlation analyses were also computed between participants' mean MBEA scores and the mean connectivity strength within a set of ROIs. These ROIs were 10-mm-diameter spheres, centered on the main peaks observed in the between-group connectivity contrast maps.
To attest that the differences of connectivity between amusic and control participants were specific to the Heschl's gyri and would not be observed for other nonauditory areas, we conducted additional control analyses with the two seeds placed in left and right V1, respectively (see Seed determination above). Individual Z-score connectivity maps were generated from these seeds using exactly the same method as for the Heschl's gyri. The main significant clusters obtained from the between-group comparisons of Heschl's gyri-based connectivity maps were isolated, and their connectivity values with V1 seeds were extracted for all participants in 10-mm-diameter spheres. For each ROI, for each seed (Heschl's gyri or V1), connectivity values of amusics and controls were compared with two-sample, two-sided t-tests. We did not expect any between-group difference for V1 connectivity values. Figure 1 shows the connectivity maps of amusic and control participants for the left and the right Heschl's gyri seeds [P Ͻ 0.05, FWE corrected, cluster size Ͼ30 voxels (240 mm 3 )] at rest. In control participants, right and left Heschl's gyri were bilaterally connected to the superior temporal gyrus (STG), IFG, middle cingulate gyrus, and cuneus (see APPENDIX). The right Heschl's gyrus was also connected to the right sensorimotor cortex and the supplementary motor area. In amusic participants, right and left Heschl's gyri were bilaterally connected to the STG, IFG, and middle cingulate gyrus, as well as to the superior frontal gyrus (orbital medial part) and the cuneus. The left Heschl's gyrus was additionally connected to the anterior cingulate cortex (see APPENDIX) .
RESULTS
Compared with control participants, amusic participants showed an underconnectivity between Heschl's gyri and the opercular part of the IFG [with the left Heschl's gyrus seed (P Ͻ 0.001, uncorrected) and also, at a more liberal threshold (P Ͻ 0.05, uncorrected), with the right Heschl's gyrus] and between the right Heschl's gyrus and the middle cingulate gyrus (see Fig. 2A and Table 2 ). Laterality effects in frontotemporal connections were explored with a seed side (left or right Heschl's gyrus) ϫ IFG (left or right ROI) ϫ group (amusics vs. controls) ANOVA on frontotemporal connectivity measures. These measures were obtained by extracting the mean correlation strength with both seeds in 10-mm-diameter spheres around the bilateral IFG peaks. The ANOVA revealed only a significant main effect of group, with weaker frontotemporal connectivity in amusics compared with controls [F(1,24) ϭ 9.55, P Ͻ 0.005] but no other significant main effects or interactions (P Ն 0.1). Amusic participants also showed an overconnectivity between the Heschl's gyri and areas of the default mode network (DMN): middle and posterior cingulate gyrus, bilateral temporoparietal junction, and right middle frontal gyrus with the left Heschl's seed (Fig. 2B and Table 2 ), as well as medial parts of the superior frontal gyrus with both seeds.
Among the 15 clusters reported in Table 2 (between-group contrasts), we selected 5 ROIs (marked with asterisks in Table  2 ) on the basis of 1) a priori hypotheses and 2) the observed result pattern. The IFG cluster was thus selected on the basis of the previously reported underconnectivity of the auditory cortex with the IFG in congenital amusia. In addition to this hypothesis-driven ROI choice, we selected the four largest clusters reported in these between-group contrasts, i.e., with sizes Ͼ192 mm 3 contrasting with a maximum of 96 mm 3 for the other 10 clusters: left temporoparietal junction, middle cingulate gyrus, and 2 clusters in the medial frontal gyrus. The selected five ROIs were used to compute correlation with behavior, present individual data points (see Fig. 2 ), and also to compute correlations with connectivity with V1 (as control analyses; see below).
Over Analyses of the connectivity between V1 and the five selected ROIs (i.e., the same set as for the correlation analyses; see above) showing group differences in the connectivity analyses with Heschl's gyri revealed no significant differences between amusics and controls [all P Ͼ 0.195, all t(24) Ͻ 1.33].
DISCUSSION
In the present study, seed-based resting-state analyses revealed an underconnectivity within the frontotemporal network and an overconnectivity between the two auditory cortices in amusic participants compared with control participants. In addition, an overconnectivity of the Heschl's gyri to the default mode network (DMN) was observed in the amusic brain.
Connectivity of Heschl's Gyri in Controls
Our data confirm that a seed placed in the auditory cortex in one hemisphere reveals connectivity to the contralateral auditory cortex in the resting brain ; Gavrilescu 2010; Quigley et al. 2003 ). Furthermore, the spontaneous Fig. 2 . Results of the functional connectivity analysis with the left and the right Heschl's gyri as seeds (at P Ͻ 0.001 uncorrected for full lines). Seed regions and under-or overconnected areas are highlighted in pale green and yellow, respectively. A: regions underconnected to the Heschl's gyri in amusics compared with controls. B: regions overconnected to the Heschl's gyri in amusics compared with controls. Connectivity is shown at P Ͻ 0.01 and P Ͻ 0.05 thresholds only for regions that are contralateral hemisphere homologs of regions significant at P Ͻ 0.001. Right: graphs indicate individual mean correlation coefficients between Heschl's gyri and regions of interest (10-mm-diameter spheres centered on the main peaks reported in Table 2 ). Note that only the left inferior frontal gyrus (IFG) cluster shows up as significant in the between-group contrasts at the statistical threshold of P Ͻ 0.001; for this reason, its right hemisphere homolog was not represented among the histograms. These correlation coefficients are based on the individual Z-score maps. Open bars in histograms represent the group means (amusics vs. controls). lHG, left Heschl's gyrus; rHG, right Heschl's gyrus; SFG, superior frontal gyrus; TPJ, temporoparietal junction.
connections observed between auditory and motor networks (i.e., sensorimotor and premotor cortex, supplementary motor area) at rest mirror the auditory-motor functional coupling observed in fMRI studies during the perception of action sounds, such as speech or music In addition, our data revealed spontaneous connections between the auditory cortex and the IFG. These connections correspond to the frontotemporal network, known to be involved in speech processing (with a left hemisphere dominance) and music processing (with a right hemisphere dominance) (e.g., Schön et al. 2010; Zatorre 2007) , with the frontal operculum in particular being involved in linguistic and musical syntax processing (Caplan et al. 2000; Maess et al. 2001; Tillmann et al. 2006) . Finally, the auditory cortex is shown to be connected to the middle cingulate gyrus (or "cognitive" part of the anterior cingulate cortex; see Bush et al. 2000 for a review), which also is functionally connected to sensorimotor areas (Beckmann et al. 2009 ) and possibly involved in attentional, emotional, and memory processes (for auditory modality see, e.g., Buchanan et al. 2000; Wu et al. 2007 ).
Underconnectivity in Frontotemporal Network of Amusics at Rest
Our observation of underconnectivity in amusics' frontotemporal network at rest is in agreement with previous structural and functional anomalies in amusics compared with controls, notably in white matter and cortical thickness of IFG and STG (Albouy et al. 2013a; Hyde et al. 2006 Hyde et al. , 2007 Mandell et al. 2007) . Abnormal functional connectivity of the frontotemporal network also has been revealed by brain residual activity analysis in fMRI during passive listening of pitch sequences (Hyde et al. 2011) and by dynamic causal modeling of evoked responses in MEG during encoding of musical stimuli (Albouy et al. 2013a) . Our data now reveal that in the amusic brain, superior temporal and inferior frontal areas are less strongly connected in an intrinsic way. Pitch information could thus be less efficiently processed along this pathway, a pathway that is crucial in particular for tonal working memory (Schulze et al. 2011; Schulze and Koelsch 2012) .
In addition to the underconnectivity between Heschl's gyri and frontal areas, we also observed an underconnectivity between the right Heschl's gyrus and the middle cingulate gyrus. Interestingly, the middle cingulate gyrus has been reported to also reflect processing differences as a function of musical expertise: it is more activated in musicians than in nonmusicians for musical tasks involving working memory (Pallesen et al. 2010 ) and in a long-term memory task (Groussard et al. 2010) .
Our data also show an overconnectivity between the left Heschl's gyrus seed and the right auditory cortex in amusics compared with controls at rest. Note that this right auditory cluster was located more laterally and more posteriorly in the STG than our right Heschl's gyrus seed. This cluster is part of the planum temporale, in an auditory area involved in segregation and matching of spectrotemporal patterns (Griffiths and Warren 2002) .
This abnormal interhemispheric auditory connectivity echoes previous findings showing anomalies in connectivity between the auditory cortices during passive and active listening for amusics (Albouy et al. 2013a Hyde et al. 2011 ). This converging evidence suggests that the decreased projection of acoustic information from temporal to frontal areas is Height threshold: Z ϭ 3.24, P Ͻ 0.001 uncorrected, cluster size Ͼ40 mm 3 . R, right; L, left; M, midline. Cluster sizes in parentheses indicate secondary peaks that belong to a cluster already mentioned in the table. Coordinates of the peaks are given in MNI space. Asterisks indicate the clusters used in the control V1-based connectivity analysis; correlation coefficients in these clusters are also illustrated in Fig. 2 with individual data points.
not the unique source of dysfunction in amusia: the auditory cortices themselves show a dysfunction. Note that in a restingstate study investigating schizophrenia, a disorder involving abnormal sound processing, an underconnectivity between the auditory cortices (i.e., the reverse pattern) was observed in patients reporting auditory hallucinations (Gavrilescu et al. 2010 ; see also Shinn et al. 2013) .
Overall, the present data on congenital amusia argue in favor of a diminished intrinsic connectivity within the frontotemporal networks involved in passive and active auditory processing compared with the typical brain, whereas left and right auditory cortices seem to be overconnected.
The presently observed anomalies of the frontotemporal network in amusics at rest do not reveal a right hemisphere dominance as suggested by some previous studies (e.g., Hyde et al. 2006 Hyde et al. , 2007 Hyde et al. , 2011 . However, other studies on amusia also have revealed bilateral anomalies: using VBM, Mandell et al. (2007) showed a correlation between gray matter density in the left frontotemporal network and musical performance evaluated with the MBEA; and using MEG, Albouy et al. (2013a) showed some bilateral anomalies in amusics' auditory areas. Note that also in the normally functioning brain, neural correlates of music processing seem to be organized in a bilateral way, as shown in functional imaging studies (e.g., Koelsch and Siebel 2005; Platel et al. 1997 Platel et al. , 2003 Tillmann et al. 2003) . Patient studies also support this view: for example, in a study by Särkämö et al. (2010) , of 24 patients with a left hemisphere stroke, half of the patients were amusic, suggesting a functional role of the left hemisphere in music processing. Laterality and/or bilaterality of the cerebral anomalies in amusia needs to be further investigated.
Overconnectivity Between the Auditory Cortex and the Default Mode Network in Amusia
Our study revealed for the first time an overconnectivity between the Heschl's gyri and the core areas of the DMN (notably, medial prefrontal cortex, posterior cingulate cortex, and temporoparietal junctions) at rest in amusia. The DMN is defined as a network of areas that show greater activation during rest than during goal-directed tasks (Greicius et al. 2003; Raichle et al. 2001; Wicker et al. 2003) . Reflecting inter-regional synchrony of low-frequency fluctuations, it is interpreted as a support of internal mental processing, as opposed to external stimuli processing (see van den Heuvel and Hulshoff Pol 2010 for a review). Our observation in amusia could be interpreted as the auditory cortex being intrinsically more strongly turned toward internal processes or, phrased differently, less available to in-depth processing of external stimuli compared with controls. Conversely, the suppression of the DMN during an active task has been reported to be correlated with better memory performance-the stronger the suppression, the better the performance (Daselaar et al. 2004 (Daselaar et al. , 2009 )-or to the amount of attentional resources needed to perform the task (McKiernan et al. 2003; Singh and Fawcett 2008) . Stronger DMN suppression just prior to a stimulus also predicts more accurate responses (Eichele et al. 2008; Weissman et al. 2006) .
Interestingly, the connectivity strength between executive networks and DMN during resting state has been shown to decrease with age in adolescents (Stevens et al. 2009 ), suggesting that an overconnectivity between executive networks and the DMN would reflect an immature state of the system. Furthermore, connectivity alterations within the DMN or between the DMN and other brain regions have been reported in a variety of psychiatric or neurological disorders, such as autism (Kennedy and Courchesne 2008) , attentional disorders Uddin et al. 2008) , bipolar disorders (Chai et al. 2011), or schizophrenia (Northoff and Qin 2011) . A recent resting-state fMRI study also revealed overconnectivity between several reading-related areas and posterior midline areas in dyslexic participants compared with nondyslexic controls (Schurz et al. 2015) .
Linking Anomalies in the Frontotemporal Network and the Default Mode Network in Congenital Amusia
On the basis of our present findings as well as the findings of previous researchers investigating either congenital amusia or the DMN, we propose the hypothesis that the presently observed under-and overconnectivity of the auditory cortices with the IFG and the DMN, respectively, are not independent observations. Rather, they might either originate from the same abnormal developmental process or reflect abnormal functional interaction between the auditory system and the DMN. Stevens et al. (2009) reported that typical development is associated with stronger within-network connectivity and weaker between-network connectivity, reflecting respectively a better organization and coactivation of areas working together, as well as the neural pruning of less-efficient connections between networks (segregation). This observation suggests that the presently observed anomalies in the two networks might reflect a similar incomplete maturation, in particular here of the auditory networks in congenital amusia. The hypothesis of a malformation in cortical development has been proposed previously as a correlate of congenital amusia: observed anomalies of white and gray matter in amusics have been linked to anomalies of neural migration, and these structural anomalies might in turn disturb connectivity (Hyde et al. 2007 (Hyde et al. , 2011 . Our data on the anomalies of the connections between auditory cortices and DMN further suggest that anomalies of the segregation process for the auditory network are possibly involved in amusia. Development of the auditory networks would be less refined and lead to a less independently functioning network in amusic individuals compared with control individuals.
At a functional level, the DMN might have a modulatory effect on cognitive networks (Greicius and Menon 2004), influencing stimulus-induced activity within and outside resting networks (Maandag et al. 2007 ). For instance, colleagues (2010, 2011) proposed that auditory hallucinations in schizophrenia would partly come from abnormal modulations of the auditory cortex by anterior cortical midline regions.
As proposed by Janata (2010), music listening recruits both "external" networks (task-dependent perception and action processes) and "internal" networks (emotional, social, and self-relevant processes), but the interactions between them need still to be investigated. The presence of connectivity anomalies linked to both networks in congenital amusia offers the possibility to explore more deeply potential interactions between networks, compared with the typically functioning brain. Further analyses with effective connectivity methods should now further test whether and in which direction the DMN and the frontotemporal perceptual network influence each other in congenital amusia and in controls. Further inves-tigations are also required to disentangle whether the observed anomalies reflect causal dysfunctions of congenital amusia or are rather a product of a compensatory reorganization of brain networks due to amusia. Previous research on resting state would support both hypotheses: for example, preexisting individual differences in resting-state networks can predict the efficiency of learning (Veroude et al. 2010) , and resting-state networks also have been shown to be plastic and experience dependent (Fair et al. 2008; Urner et al. 2013 ).
Influence of Scanner Background Noise
One restriction of our present study is linked to the noise produced by the MRI scanner during resting. Indeed, it might be argued that amusic and control participants differ in how they passively process the scanner background noise, and this might influence DMN activation. However, in the nonamusic brain, it has been shown that the scanner background noise has only a weak influence on functional analyses of intrinsic connectivity, even in auditory networks (Langers and van Dijk 2011) , and that the scanner background noise would rather reduce DMN activation during rest (Gaab et al. 2008 ) compared with more silent sequences of acquisitions.
Conclusion
Our present findings reveal altered Heschl's gyri connectivity at rest in congenital amusia, notably within frontotemporal networks, with the contralateral auditory cortex, and with the DMN. These intrinsic anomalies suggest that the functional brain differences reported in previous studies on amusia are not solely linked to attention or strategy differences when amusic participants perform a task. Another contribution of our findings is the observed link between cognitive networks and resting-state networks. Gathering functional data about activation/deactivation patterns and connectivity data during resting-state and active-task protocols represents a promising way to further understand cerebral correlates of congenital amusia and beyond, exploring the relationship between DMN, perceptual and cognitive networks in the healthy brain and in neurodevelopmental disorders.
APPENDIX
To complete the data report, Table A1 presents areas functionally connected to the left and right Heschl's gyri seeds in amusic and control participants. 
